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SHOCK ETlVELOPES OF BLUNT BODIES AT LARGE ~J.~".;L,L: 

OF ATTACK 

By George E. Kaattari 

SUMMARY 

A method i s  presented f o r  determining shock-wave shapes and stagnation-point 
locations f o r  spherical ly  blunted bodies a t  angle of a t tack.  The method i s  
applicable t o  perfect  gas flows and equilibrium flow of r e a l  gases. 
of a l t i t u d e  and veloci ty  enter  so le ly  through the  normal-shock density r a t i o  
appropriate t o  the  f l i g h t  conditions. The r e s u l t s  given by the  method a re  com- 
pared with experimental values and are  shown t o  agree sa t i s f ac to r i ly .  

The e f f ec t s  

INTRODUCTION 

Vehicles current ly  considered f o r  atmosphere entry have blunt  forward 
surfaces on which barge aerodynamic forces and high heating r a t e s  develop. These 
forces  and heating r a t e s  are re la ted  t o  the s t rength and orientat ion of t he  shock 
envelope over the  forward portion of the  vehicle. 

A method f o r  predicting shock envelopes ahead of spherical ly  blunted bodies 
was  presented i n  reference 1. A procedure, based on the  predicted shocks of 
reference 1, was presented i n  reference 2 f o r  estimating stagnation-point loca- 
t i ons  and the  pressure, density,  and temperature f i e l d  i n  the shock layer  ahead 
of spherical ly  blunted bodies. 

The purpose of t h i s  report  i s  t o  present an improved method f o r  determining 
the shock envelope and stagnation point.  The method i s  applicable t o  a wider 
var ia t ion i n  body geometry and t o  a larger  angle-of-attack range than that  of 
references 1 and 2. It i s  based on an empirical correlat ion of the change i n  
shock-layer thickness with angle of a t tack.  This correlat ion was discovered 
through study of the  experimental r e su l t s  of a systematic s e r i e s  of  t e s t s  of a 
b lunt  body i n  the  Mach number range 3.28 t o  5.45. 
measured and i n  correlated f o r m  are presented herein. 

These experimental r e s u l t s  as 

NOTATION 

bl ,bn constants i n  stagnation-point function 

c1,c3 constants i n  shock correlat ion function 

d m a x i m  diameter of body, f t  

4 1 d i f f e r e n t i a l  operator 
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free-stream Mach number 

exponent i n  stagnation-point function 

r a d i a l  coordinate of shock or body measured frombody axis of 
symmetry, f t  

m a x i m  radius  of body, f t  

r a d i a l  dis tance t o  stagnation point on body, f t  

r a d i a l  locat ion of tangent point of forebody and corner radius,  f t  

radius of body corner, f t  

shock radius near body corner ( f i g .  lo), f t  

forebody radius ,  f t  

bas ic  shock radius a t  

coordinate of shock measured f rom plane normal t o  body axis  a t  

a = Oo, f t  

locat ion 4 ( f i g .  3 ) ,  f t  

angle of a t tack ,  deg 

maximum angle of a t tack  f o r  which shock correlat ion function i s  
valid,  deg 

m i n i m  angle of a t tack  f o r  which Newtonian theory gives va l id  
stagnation-point location, deg 

stream di rec t ion  behind inclined shock with respect to free-stream 
direct ion,  deg 

shock-layer thickness a t  location r i n  direct ion of body axis,  f t  

shock-layer thickness a t  body center l i ne ,  f t  

shock-layer thickness at sonic point when 

angle subtended by point on body a t  locat ion r with respect t o  body 

a = Oo, f t  

, deg 
r axis  E = s i n - l  - 

Rb 

afterbody surface inc l ina t ion  with respect t o  body axis  ( f ig .  3 ) ,  deg 

subtended angle of tangent 

E t  = sin-' rt - , deg 
Rb 

shock correlat ion function 

point rt with respect t o  body axis ,  



inc l ina t ion  of sonic point on body with respect t o  plane normal t o  
free-stream direct ion,  deg 

shock inc l ina t ion  a t  point r on shock with respect t o  plane normal 
t o  free-stream direct ion,  a = Oo, deg 

shock inc l ina t ion  a t  point r on shock with respect t o  plane normal 
t o  free-stream di rec t ion  a t  angle of attack, deg 

shock inc l ina t ion  opposite sonic point on body with respect t o  plane 
normal t o  free-stream direction, deg 

angle between l i n e  connecting two-dimensional shock center t o  sonic 
point on body with respect t o  free-stream di rec t ion  ( f i g .  lo), deg 

angle between l i n e  connecting most forward point of two-dimensional 
shock t o  sonic point on body with respect t o  free-stream direct ion 
( f i g .  lo), deg 

density r a t i o  across normal shock 

angular coordinate centered on vehicle axis  of symmetry w i t h  respect 
t o  v e r t i c a l  plane, deg 

TESTS AND PROCEDURE 

Two models of a blunt-faced body, shown i n  f igure  1, were t e s t ed  i n  the  Ames 
1- by 3-foot  wind tunnel a t  Mach numbers of 3.28, 4.06, and 5.45 a t  Reynolds 
numbers of 4.2x106, 3.5xlO6, and 2.7~10~ per foot ,  respectively.  The range of  
angles of a t tack  w a s  0' t o  60°. 
coaxial with the  model axis  of symmetry. The high-angle model w a s  supported by 
a s t ing  attached t o  t h e  lower portion of t he  model and inclined 45' t o  the  model 
axis. The high-angle model w a s  provided t o  minimize possible model support 
e f f ec t s  on the  shock a t  angles of a t tack  above 25'. 

The low-angle model w a s  supported by a s t ing  

To es tab l i sh  shock-wave location, shadowgraphs of t h e  body bow shock were 
taken i n  orthogonal planes at  each of t he  three Mach numbers. Tests t o  determine 
the  location of the  stagnation point were made only a t  Mach number 3.28. 
procedure f o r  determining stagnation-point locat ion w a s  t o  w e t  the  forward face  
of the model with a mixture of white lead and l i g h t  o i l  and t o  allow t h e  model 
t o  dry i n  the  wind tunnel a t  the  desired angle of a t tack.  Photographs were taken 
of the stream pat terns  formed on the  face of t h e  model. 

The 
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EXPERIMENTAL RESULTS 

The shock-layer thickness was measured on shadowgraphs, such as shown in 
figure 2(a), and stagnation-point location was determined f rom photographs of 
stream patterns, such as that shown in figure 2(b). 
in developing the present correlation method for predicting shock envelopes. 
Additional experimental results, previously unpublished, were used to check the 
validity of the method for bodies of different geometry and other test conditions 
than those of the present Investigation. 

These measurements were used 

The measurement utilized to define the shock shape was the shock-layer 
thickness, A, in the direction of the body axis of symmetry as a function of 
radial location, r, and azimuthal location, a ,  on the body. These dimensions 
along with parameters that define the model geometry are indicated in figure 3. 
Measurements made in the vertical plane of symmetry are presented in figure 4 in 
the normalized form A/d as a function of r/rmax. 

Shock-layer thicknesses in ip planes other than the vertical plane of 
symmetry were deduced from orthogonal sets of shadowgraphs taken at each angle 
of attack. These thicknesses were most conveniently determined at the location 
r = rt; hence, measurements were restricted to this location. 
as follows: Since both of the orthogonal views contain the most forward point 
of the shock, the vertical position of the plane containing the horizontal pro- 
jection of the shock trace was measured from the vertical plane shadowgraph. 
Thus, locations of points on the shock were established in planes other than the 
vertical plane of symmetry. The distance A and the associated angle cor- 
responding to the point were determined from each set of orthogonal shadow- 
graphs and are summarized in figure 5. The foregoing method of extracting data 
gives no control in the selection of the CP plane which depends primarily on 
the angle of attack. No functional relationship between A and 0 independent of 
a should be interpreted from figure 5. 

The procedure was 

rt 

The line or point of convergence of the stream patterns, such as shown in 
figure 2(b),  was interpreted as indicating the stagnation-point location. 
stagnation-point locations, rSt, are plotted in figure 6 in the normalized form 
rst/rmax 

The 

as a function of angle of attack. 

ANALYSIS 

Shock-Layer Thickness 

The method for estimating shock-layer thickness consists first of determin- 
ing the thickness at zero angle of attack and then adding an increment due to 
angle of attack. The method is restricted to the portion of the shock contained 
within a cylindrical boundary whose radius is that of the vehicle, r-, and is 
coaxial with the vehicle axis of symmetry. Charts for determining the shock 
layer are presented. The angle-of-attack limits of the method and an auxiliary 
procedure for determining the shock in the vicinity of a rounded, windward corner 
at large angles of attack are also given. 



Shock layer  at zero angle of a t tack.-  The shock surface a t  zero angle of 
a t tack  i s  determined, with minor modifications, by the  method of reference 1. 
This method i s  s t r i c t l y  applicable t o  blunt bodies w i t h  sharp corners but  may be 
extended i n  cer ta in  cases t o  bodies with rounded corners. The flow up t o  the 
sonic point on a body should be ident ica l  f o r  both sharp- and round-cornered 
bodies having the  same radius,  Rb, if  the  sonic point does not l i e  on the  rounded 
corner. Under t h i s  condition, the  method developed i n  reference 1 can be con- 
sidered applicable up t o  the  sonic point f o r  a body with round corners. If the  
corner radius i s  small, t he  flow on the body i s  nearly sonic a t  the  point of 
tangency of the  corner a rc  and the  forebody arc .  The method of reference 1 may 
then be applied t o  the  body considered as ef fec t ive ly  sharp cornered of radius 
rt = Rb s i n  E t .  

The shock radius Rbs and the center- l ine standoff distance & f u l l y  
specify the  shock a t  zero angle of a t tack.  
and A,/.%, they can be expressed as functions of  the  body bluntness f ac to r  E t  
and the  normal-shock density r a t i o  p2/p1. These functional re la t ionships  are 
shown i n  f igure  7. 

When normalized i n  the  form Rbs/r t  

Shock-layer change due t o  angle of a t tack . -  A means of  correlat ing the  
change in  shock-layer thickness with angle of a t tack  i s  suggested by a considera- 
t i o n  of the charac te r i s t ics  of the  data i n  f igure  4. These charac te r i s t ics  are 
as follows: 
center l i n e  (r/r- = 0)  i n  the  angle-of-attack range 0' t o  50'. 
layer  thickness decreases i n  the  direct ion of increasing r when 0 = 0' and 
increases when 
found that t he  change i n  shock-layer thickness, (A/d), - (A/d),, divided by 
s i n  CL and by cos 0 ( t o  account for sign change), resul ted i n  a correlat ion 
function dependent on 

(1) The shock-layer thickness i s  nearly constant a t  the vehicle 
( 2 )  The shock- 

@ = 180' with some regular function of angle of a t tack.  It w a s  

r / r m a ;  t h a t  i s ,  

The data  of f igure  4 applied t o  equation (1) and p lo t ted  i n  f igure  8 as a func- 
t i on  or' r / r m a  r e s u l t s  i n  good correlat ion up t o  45' angle of a t tack.  Correla- 
t i o n  of data above 4 5 O  deter iorates  and i s  omitted. 

An ana ly t ica l  means of determining the  correlat ion function 7 i s  desirable  
so  t h a t  e f f ec t s  of shock density r a t i o s  higher than those f o r  the  present experi-  
mental data and var ia t ion i n  body geometry can be taken in to  account without 
addi t ional  experiment. 
that  since the  function 7 i s  va l id  f o r  a large range i n  angle of a t tack,  it 
must be va l id  f o r  vanishingly small angles of a t tack.  It was  fur ther  found t h a t  
t he  f i r s t  t w o  terms of an odd power se r i e s  i n  
an accurate approximation of the  change i n  shock-layer thickness indicated 
experimentally i n  f igure  4. Thus, 

The following ana ly t ica l  method i s  based on the  premise 

r/r- were suf f ic ien t  t o  give 



For vanishingly small a, the following r e su l t s  

The  values of 
equations derived i n  the  appendix and are  presented i n  f igure  9. 
values f o r  7 

c1 and cg 

f o r  t he  present t e s t  conditions are p lo t ted  i n  f igure  8. 

required i n  equation (3)  a re  determined f r o m t h e  
Estimated 

Shock i n  v i c in i ty  of a round corner.- A t  l a rge  angles of a t tack,  it i s  
necessary t o  modify the  predicted shock i n  the  v i c in i ty  of a round windward 
corner. It should be noted i n  this  connection t h a t  t he  shock standoff distance 
A considered here i s  measured w i t h  reference t o  the  surface extension of t he  
forebody radius Rb.  Thus, as indicated i n  sketch (a ) ,  A does not extend t o  

the  ac tua l  vehicle surface a t  values of A t  
angles of a t tack  f o r  which the standoff distance A 
becomes small with respect t o  the corner radius Rc, 
the following special  procedure i s  used t o  define t h e  
"corner" shock. 

r > rt. 

A t  large angles of a t tack,  the stagnation point i s  
i n  the  v i c in i ty  of the  round corner, and it i s  assumed 
that the  flow i s  loca l ly  two-dimensional. Accordingly, 

r a two-dimensional shock i s  patched tangent ia l ly  t o  the  
bas ic  shock i n  such a manner that  mass-flow continuity 
i s  preserved. The procedure used i s  a simple geomet- 
r i c a l  construction i l l u s t r a t e d  i n  the  sketch of f i g -  
ure 10 and i s  based on unique angular properties of a 

pp{+ 
Sketch (a) 

two-dimensional shock solution obtalned from correlat ion of numerical r e su l t s  of 
reference 3. The assumption i s  mde, as i n  reference 1, tha t  the shock inc l ina-  
t ion ,  e;, and the  normalized shock-layer thickness, A*/Rcs, depend only on the  
sonic-point incl inat ion,  g ,  on the  body at a given shock density r a t i o .  
ated,  then, with -9; a re  two readi ly  determined angles As and A, t ha t  give, 
respectively,  the  l o c i  of the most forward points and the  centers of possible 
two-dimensional shocks with respect t o  the  sonic-point location. 

Associ- 

* % 
Rcs s i n  0, s i n  8 ,  - - * t an  As = 

R c s ( l  - cos 0, )  + A* (1 - cos 0;) + (A*/Rcs) 

R,, s i n  e: - s i n  e: 
t an  A, = - 

R~~ COS e - A* COS 0: - ( A * / R ~ ~ )  

Since, i n  t h i s  case, there  i s  no sharp corner t o  f i x  the  sonic-point incl inat ion,  
the  angle f o r  a round (cyl inder)  body found f r o m  reference 3 i s  used. (S igni f i -  
cantly, th is  angle i s  nearly independent of shock density r a t i o  and i s  i n  f a i r  
accord with Newtonian values.)  The angles e;, 0$ As, and Ac are presented i n  
the  chart  of f igure  10 as a function of shock density r a t i o .  
applied as follows: 

This char t  i s  
Given the  shock density r a t i o ,  the  sonic point i s  located 
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a t  the  point on the body surface inclined a t  the appropriate angle, e$, with 
respect t o  the normal of the  free-stream direct ion.  
As and A, with respect t o  t he  free-stream di rec t ion  a re  extended f r o m  the  sonic 
point and directed as indicated i n  the  sketch of figure 10. These l i nes  subtend 
a family of l i n e  segments taken i n  the  free-stream direct ion.  One of these,  when 
swung about i t s  center on the l i n e  defined by 
with the  basic  shock. This l i n e  segment, denoted Rcs i n  t he  sketch, const i -  
t u t e s  t he  corner shock solut ion.  

Lines inclined a t  the  angles 

A,, w i l l  coincide tangent ia l ly  

Shock Correlation L i m i t s  

Limitation of angle of a t tack  i n  @ = 0' plane.- It i s  required t o  determine 
the  angle--of-attack l i m i t  of t he  correlat ion method f o r  f l i g h t  conditions and 
vehicle geometry other than those of the present t e s t s .  For a sharp-cornered 
vehicle, the  l imit ing angle i s  readi ly  specif ied and i s  t h a t  angle which gives 
shock attachment a t  the  corner (@ = 0' and ./.ma = 1). This r e su l t s  when the  
change i n  shock thickness a t  the  corner as given by equation ( 2 )  i s  numerically 
equal t o  the shock thickness a t  the  corner when 
expressed by 

CL = 0'. This condition i s  

In some instances it w i l l  be found t h a t  the  bracketed term i n  equation ( 4 )  i s  
la rger  than uni ty .  Shock attachment w i l l  not then be predicted by the  correla-  
t i o n  function. The m a x i m u m  angle of a t tack  f o r  such cases i s  conservatively 
chosen as tha t  angle f o r  which the  shock inc l ina t ion  at 
i s  normal t o  the  free-stream direct ion.  For calculat ive purposes the  inc l ina t ion  
of the  shock t r ace  i s  expressed i n  the  m o s t  simple terms with respect t o  a plane 
normal t o  the body axis  of symmetry. The shock inc l ina t ion  i s  determined as 
follows: The displacement, x, of t he  shock t r ace  f r o m  the  plane located a t  & 
from the body a t  the  center l i n e  i s  

0 r/rm = 1 and @ = 0 

The derivative of (5a) with respect t o  r gives the  slope of the  shock 

Set t ing the  slope given by equation (5b)  equal t o  t an  a at  0 = 0' and 
r/rm,, = 1 i s  equivalent t o  placing the shock a t  t h a t  point normal t o  the  f r e e -  
stream direct ion;  thus,  



Solutions f o r  
ure 11. The maximum angle of a t tack  f o r  app l i cab i l i t y  of t he  present method f o r  
sharp-cornered bodies i s  then the  smaller of t he  angles given by equation ( 4 )  or 
f igure  11. 

from equation (5c)  are summarized i n  chart  form i n  f i g -  

For round-cornered bodies, shock attachment is  precluded a t  a l l  angles of 
a t tack  and the  maximum angle i s  defined if t h e  bas ic  shock becomes tangent t o  
the  "minimum" corner shock. The minimum corner shock i s  t h a t  supported by a 
cylinder of radius Rc f o r  which the  shock radius i s  Res = Rc s i n  0{/sin 0; 
( f i g .  10). 

Limitation of r/rmax- i n  Q, > 90' planes. - In  cer ta in  cases, f o r  @ > go0, 
. -- - 

it i s  necessary t o  l i m i t  the  range of va l id i ty  of predicted shock t r aces  
t o  values l e s s  than uni ty .  This l imi ta t ion  exists s ince the  predicted shock 
t race,  i n  contradiction t o  experiment,, can have an inf lec t ion  point i n  the  i n t e r -  
va l  0 < r/rmax < 1. The locat ion of t he  inf lec t ion  point, or where the  curvature 
i s  0, i s  therefore  used as the  l imit ing value f o r  The in te r re la t ionship  
between r/r-, @, and a at  the  inf'lection point i s  

r/rmax 

r/rmax. 

cos Q, s i n  a = 0 rmax r 
Rb s R b s  r m a x  

The l e f t  s ide  of equation (6)  i s  the curvature of t h e  shock t r ace  determined 
f r o m  equation (5a) .  

S t  agnat ion-Po i n t  Locat ion 

The stagnation-point location, rst/rmJ as a function of angle of a t tack  
i s  approximated by a curve which f i t s  given stagnation-point locations and t he  
derivatives of these stagnation-point locations with respect t o  a at  a = 0' 
and a t  some large angle of attack, CGN, t o  be specified.  I n  addition, the  func- 
t i on  must increase monotonically over the  angle-of-attack range. 
t i o n  having these properties i s  

A simple func- 

rst - = b l  s i n  a, + bn sinn a 
rmax (7) 

The reason f o r  the  choice of s i n  a w i l l  become apparent i n  a l a t e r  discussion. 

The constant bl i n  equation (7)  i s  the  der ivat ive d(rst!rmax)/da a t  
a = Oo and i s  found as follows: The stagnation or body streamline a t  a small 
angle of a t tack  i s  specif ied as entering the  shock a t  some point on the  shock 
inclined a t  a small angle des with respect t o  a plane normal t o  the  free-stream 

8 

- 1 1  I I 



di rec t ion  as shown i n  sketch (b).  
stagnation streamline behind the  shock i s  deflected i n  a d i rec t ion  normal t o  t h e  

The point on the  shock i s  chosen so t h a t  t he  

Sketch (b )  

body surface. The stagnation stream i n  the  shock layer  i s  assumed t o  be a 
s t r a igh t  l i n e  s ince one can show t h a t  f o r  s m a l l  deflections,  d8, t he  curvature 
of the  stream behind the  shock i s  vanishingly small (of t h e  order d8/Rbs). It 
i s  t o  be noted a t  t h i s  point t h a t  t he  above properties of t he  stagnation stream- 
l i n e  d i f f e r  from those used i n  reference 2. It w a s  assumed i n  reference 2 t h a t  
t he  streamline enters  th'e shock a t  the  point where the shock surface i s  normal t o  
t he  free-stream direct ion.  The displacement of the stagnation streamline from 
the  normal point of an asymmetric shock (angle of a t tack)  assumed herein w a s  
adopted on the  bas i s  of t he  findings of reference 4. The following, from oblique 
shock relat ionships  and from inspection of sketch ( b ) ,  may then be wri t ten:  

aa - aEst = = (' - 1) des 

and, at  dr, from equation (3 )  des + a X / &  as a da; thus,  

des = - + 2Cl aa 
Rb S 

Omitting the  algebraic d e t a i l s  involved, one may combine the  above relat ionships  
t o  give 
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I n  order t o  determine bn and n 
point locat ion and i t s  var ia t ion with 
la rge  angle aN. A t  this large angle 
a t  the  windward corner. The geometry 
the  behavior of t he  stagnation point.  
a sharp corner and a rounded corner. 

required i n  equation ( 7 ) ,  the  stagnation- 
angle of  a t tack  mst be specif ied a t  some 
the  flow i s  assumed t o  be  two-dimensional 
of t he  corner has an important bearing on 
Two corner geometries will be considered: 

Sketch ( c )  

Sketch (d) 

For a sharp corner (sketch ( c ) ) ,  t he  stagnation point w i l l  
coincide on the  corner, rst/rm = 1 and t h e  der ivat ive 
d( rs t / rm) /da  = 0 when e i the r  two-dimensional shock a t tach-  
ment occurs ' 

or t h e  afterbody and forebody incl inat ions are  numerically 
equal thus presenting a symmetric wedge element with respect 
t o  t h e  free-stream direct ion 

The smaller of the angles given by equations (9 )  i s  chosen f o r  
CLN. The angle CLN, provided rst/rm = 1 and 
d(rst/rm)/dcr, = 0, along with bl  given by equation (8) 
allows equation (7)  t o  be solved f o r  
cornered vehicles. 

n and bn f o r  sharp- 

b, s i n  % 
b l  s i n  - 1 

n = -  

In  the  case of a round corner an addi t ional  considera- 
t i o n  i s  made. It i s  assumed t h a t  t he  Newtonian stagnation 
(most forward) point i s  va l id  when a streamwise l i n e  from 
t h i s  point passes normally through the  corner shock as 
indicated i n  sketch ( d )  . 
condition exists, i s  found among the graphical solutions f o r  
the  corner shock previously discussed with reference t o  

The angle of a t tack,  when t h i s  

- _  _ _  ~ . . . . - - . _- - _ _ _ _ .  

'The t e r m  sin-'( [ (p,/p,) - 11 / [P2 /P l )  i- 11) i s  t h e  maximum wedge angle f o r  
attached two-dimensional f l o w  f o r  an idea l  gas i n  the  l imit ing case M = but 
gives a good approximation f o r  Mach numbers down t o  M = 3 i n  air. I t s  applica- 
t i o n  t o  real gas flow i s  assumed. 



f igu re  10 and, again, i s  t h a t  angle f o r  which the  corner shock radius has the  
pa r t i cu la r  value The smallest among these graphically 
determined angles, t h a t  given by equation (9b),  or that found from f igure  11, i s  
chosen f o r  CCN. 
point with respect t o  angle of a t tack  as well  as i t s  locat ion i s  cor rec t ly  given 
by Newtonian theory a t  % and f o r  a > aN. The Newtonian values f o r  t he  
stagnation-point locat ion and i t s  der ivat ive with respect t o  angle of a t tack  a t  
a = c t ~  are 

Rcs = Rc s i n  0;/sin 0;. 

It i s  fu r the r  assumed t h a t  the der ivat ive of the  stagnation 

and 

The constant bl  given by equation (8) along with the  appropriate CLN and 
equations (12)  and (13) i s  used in  equation (7 )  t o  solve f o r  n and bn f o r  
round-cornered vehicles : 

(bl - Rc/rmax)sin aN 
n =  (14) 

(bl  - Rc/rmax)sin CLN - (rt/rmax - Rc s i n  E t / r m )  

Rc/.max - bl 
n sinn-' aN 

bn = 

NlTMERICAL EXAMFLES 

Numerical examples are now given f o r  calculat ing the  shock-layer thickness 
a t  a given point on a vehicle and f o r  calculating the  stagnation-point location 
a t  a given angle of a t tack.  The vehicle i s  sharp cornered, with a radius 
rt = rmax = (1/2)Rb, and with 
and f l i g h t  occurs a t  an a l t i t u d e  and veloci ty  resu l t ing  i n  the normal-shock 
density r a t i o  of p2/p1 = 10. 

= 20' ( f i g .  3 ) .  The angle of a t tack  i s  30' 

Shock-Layer Thickness 

It i s  required t o  f i n d  the  shock-layer thickness a t  r/rt = 0.8 i n  the  
Qi = 4 5 O  plane. 
a t t ack  l i m i t  of the  method as specif ied by equation ( 4 )  or the  char t  of 

A preliminary calculat ion i s  made t o  e s t ab l i sh  the  angle-of- 

11 



figure 11. The  sonic-point shock-layer thickness,  A* at  a = Oo, required i n  
equation ( 4 )  i s  found by means of the  geometrical re la t ionship  of reference 1 
expressed as equation (16) : 

For A = A*, t he  angles 
sonic-point locat ion rt 

@b and €3, have the  values corresponding t o  the  body 

Figures 7(a) and 7(b) are now consulted and give 
a t  Et = 30' with p2/p l  = 10. The shock inc l ina t ion  corresponding t o  rt may 
now be calculated and i s  

R s / r t  = 2.30 and A o / r t  = 0.150 

0, = 0, 3t sin-' - rt  - - sin-' (= 1 = 0.435) = 25.8' 

Rb s 

Equation (16) is  evaluated for A = A*: 

A* = 0.150rt + 2r t (1  - cos 30°) - 2.30rt( l  - cos 25.8O) = 0.188rt 

and, with 
t i o n  ( 4 ) ,  are found from f igures  9(a) and 9(b) a t  E t  = 30 
giving 

d / r t  = 2; A*/d = 0.094. Values of c1 and c3, a l s o  required i n  equa- 
0 

with p,/p, = 10, 

c3 r$ s i n  E t 7  = ~ ~ ( 0 . 2 5 )  = 0.0068 

o r  
c3 = 0.0272 

Equation (4 )  gives 

which cannot be s a t i s f i e d ,  indicating that shock attachment i s  not predicted by 
the  method. The char t  of f igure  11 is  then consulted at abscissa 
tan[sin-l(d/2RbS)] = t an  25.8O = 0.484 and ordinate  2(cl  + 3c3) = 0.2182 giving 
amax 
of t h e  present example i s  not too large and calculat ions may proceed. 

30'. Since f igu re  11 gives conservative values, the  angle of a t t ack  (30')  

12 

I ,  ----.-.. - .... .. .. ..,. . , , ,  



F i r s t ,  it i s  required t o  calculate  the  shock-layer thickness, A, a t  
r/rt = 0.8 when 
shock angles now corresponding t o  the  body locat ion 

a, = 0'. Equation (16) i s  again u t i l i z e d  but  with the  body and 
r/rt = 0.8. These angles 

are 

s, = sin-' 

8, = sin-'  

Equation (16) i s  evaluated 

- 0.8 x 0.5 = 
0. 8rt 

f o r  @: 

A = 0.150 + 2rt-1 - cos 23.6O) - 2.3Ort( l  - cos 20.4') = 0.173r-t 

and, with d / r t  = 2; (A/d), = 0.0865. 

Final ly ,  the shock-layer thickness (A/d), at r/rt = r/r- = 0.8 and 
0 = 45' i s  evaluated with equation (2)  wri t ten i n  the  form 

Subst i tut ing the appropriate numerical values already a t  hand i n  the  above equa- 
t i o n  r e su l t s  i n  the  required solution 

(Ala) ,  = 0.0865 - [0.0275 x 0.8 + o . 0 2 ~ 2 x ( o . 8 ) 3 1 0 . ~ o ~  x 0.574 = 0.072 

S t agnat ion -Point Lo ca t  ion 

It i s  required t o  f i n d  the  stagnation-point location at a = 30' as given 
by equation ( 7 ) ,  

- _ - -  - bl s i n  a + bn sinn a r s t  - rst 
r t  rmaX 

F i r s t ,  the  constant b l  given by equation (8) i s  computed 

(k) rmax [l + (2 - 1) (1 - 2CJ]  
h. = VI - (z - 1) + re) [1+ (2 - 1) $1 

(7)  



For t h i s  purpose the  following numerical values of the parameters are needed: 

Rbs/Rb = (Rbs/rt)(rt/Rb) = 2.30 X 0.50 = 1.15 

= ( & / r t ) ( R b s / r t )  = 0.150/2.30 = 0.0652 

~1 = 0.0275 

P2/P1 = 10 

Subst i tut ing the  above numerical values in to  equation (8) r e su l t s  i n  

Next, the  values for 

bl s i n  % 
b l  s i n  CLN - 1 

n =  

and 

bn = -b1 

"N n s inn - l  

applying t o  a sharp-cornered vehicle a re  computed. The appropriate value of 
for t h i s  computation i s  given as the  smaller of the  values given by equa- 
t ions  (ga) and (91) 

or 

Equations (10) and (11) are  evaluated with C L ~  = 65.2O 

n = 2.02 x 0.908/(2.02 x 0.908 - 1) = 1.834/0.834 = 2.20 

bn = -2.02/2.20~(0.908)~'~~ = -2.02/2.20 x 0.891 = -1.030 

14 



Finally, equation (7) can be evaluated to determine the stagnation-point location 
at CL = 30' 

2.20 rst/rm = 2.02 x 0.500 - 1.030~(0.500) = 0.786 

COMPARISON OF ESTIMATED AND MEASURED RESULTS 

The validity of the estimated results will be assessed through comparison 
with measured values for the model of the present tests in the Mach number range 
3.28 to 5.45. Additional comparisons between estimated and measured results are 
made for round-cornered bodies at Mach numbers 3.3 and 20 (in helium, see ref. 5) 
and for sharp-cornered bodies at Mach numbers 3.3 and 5.45. 

Shock-Layer Thickness 

Shock layer at zero angle of attack.- A comparison of estimated and measured 
shock traces-for blunt vehicles at zero angle of attack is shown in figure 12. 
The upper two cases involve a vehicle with a small corner radius. In these cases 
it was assumed that the flow was sonic at the point of tangency, rt, of the 
corner and forebody radius. The good agreement of estimated and measured shock 
traces indicates the usefulness of this assumption. The remaining cases are 
bodies with sharp corners. Good agreement between estimated and measured shock 
shapes again results. 
and 7(b) based on the method of reference 1. 

- - . ~  

The foregoing estimates were made using charts 7(a) 

Shock-layer thickness at angle of attack.- First, comparisons are made of 
estimated and measured shock-layer thicknesses at angle of attack in the vertical 
plane of symmetry. Next, comparisons are made of estimated and measured shock- 
layer thickness changes at angle of attack in planes other than the vertical 
plane of symmetry. 

The shock-layer thickness estimated by adding the effect of angle of attack 
to the shock-layer thickness at zero angle is compared with measured values in 
figure 13. Good agreement results for the configurations shown. It should be 
noted that among the improvements of the present correlation method over that of 
references 1 and 2 is that it extends the estimation of the shock layer to angles 
of attack other than zero for flat-faced bodies. In one case shown, the angle of 
attack is within the range of the method of reference 2. The values estimated by 
the method of reference 2 and by the present method are in fair accord with each 
other and with measured values. 

Comparisons are made between estimated and measured changes in shock-layer 
thickness due to angle of attack at a fixed radial location (r = rt) in fig- 
ure 14. For this comparison the data of figure 5 were correlated by means of 



equation (1) and were p lo t ted  as a function of 
indicated were calculated with equation (3a). 
and measured values i s  shown for each Mach nuniber of t he  tests.  

0 .  The estimated values 
Good agreement between es t imated  

Stagnation -Point Location 

The experimental and predicted stagnation-point locations as found i n  the  
present invest igat ion f o r  t he  tes t  model a t  Mach number 3.28 ( i n  a i r )  are p lo t ted  
as a ftmction of angle of a t tack  i n  f igure  6. 
p lo t ted  a re  experimental results as found f o r  a similar model t e s t ed  i n  helium 
at  Mach number 20. The shock density r a t i o s  involved i n  both a i r  and helium test  
r e s u l t s  a r e  approximately 4. 
values substant ia tes  the  predicted r e s u l t  that the  shock and stagnation-point 
locations depend primarily on the  normal shock density r a t i o  appropriate t o  t he  
f l i g h t  conditions and are r e l a t ive ly  insensi t ive t o  the isentropic  exponent of 
the  gases involved. 

Good agreement i s  shown. Al so  

Agreement between the  data and with estimated 

A comparison between experimental and predicted r e su l t s  of the  stagnation- 
point location for a sharp-cornered vehicle a t  Mach number 3.3 i s  made i n  f i g -  
ure 15. The agreement i s  sa t i s fac tory  f o r  both the  present method and t h a t  of 
reference 2. The method of reference 2, however, i s  limited t o  the  angle-of- 
a t tack  range up t o  A t  t h i s  angle of a t tack,  the  
value f o r  the stagnation point predicted by the  method of reference 2 i s  not i n  
as good agreement with experiment as i s  t h a t  given by the  present method. 

a = E t  = 30' f o r  t h i s  case. 

Predicted stagnation-point locations at  shock density ratios of 16 and 
i n f i n i t y  (Newtonian flow) are a l so  indicated i n  f igure  15. Experimental r e s u l t s  
a re  not available f o r  assessing the  accuracy of predicted stagnation-point loca- 
t ions  a t  large normal shock density r a t i o s .  However, some confidence i n  the  
present method f o r  predicting stagnation-point locations a t  large shock density 
r a t i o s  may be based on the f a c t  t h a t  the  r e s u l t s  converge toward Newtonian values 
with increasing shock density r a t i o .  It i s  t o  be noted from f igure  15 t h a t  a 
s ign i f icant  e r ror  i n  the  stagnation point r e s u l t s  i f  the  assumption i s  made t h a t  
t he  experimental values obtained a t  typ ica l  wind-tunnel f l o w  shock density r a t i o s  
( 4  t o  6) adequately represent results t h a t  would be at ta ined a t  shock density 
r a t i o s  (16) involved i n  atmospheric entry.  

CONCLUDING RENARKS 

flows and 
uents and 
p r i a t e  t o  

16 

A method was developed with which shock envelopes and stagnation-point 
locations can be predicted f o r  blunt bodies a t  angle of a t tack.  The method i s  
based on a simple function which correlates  t he  e f f ec t  of angle of a t tack  and 
body geometry on shock-layer thickness. 

t o  equilibrium f l o w  of real gases. 
a l t i t u d e  enter  so le ly  through the  normal shock density r a t i o  appro- 

The method i s  applicable t o  perfect  gas 
The e f fec ts  Of atmospheric const i t -  

the f l i g h t  velocity.  



Predicted shock envelopes were compared with experimental values for air 
flows in the Mach number range 3.28 to 5.45 and the angle-of-attack range up to 
50'. Satisfactory agreement between predicted and experimental shock envelopes 
and stagnation-point locations was found in the range of flow conditions covered 
by the comparisons. 

Methods for predicting pressure distributions were not considered in the 
present investigation. At low angles of attack, a < Et, the method of refer- 
ence 1 for sharp-cornered vehicles can be applied to give approximate pressure 
distribution for round-cornered vehicles, provided the corner radius is small 
with respect to the vehicle diameter. 
high angle of attack on pressure distribution require further investigation. 

The effects OF corner radius size and of 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., Sept. 18, 1963 



APPENDM A 

EVAIUATION OF CONSTANTS FOR EQUAlrION (2)  

a = 0 i s  determined a t  the  sonic-point locat ion 
r t .  The relat ionship between A t  i n  the  body 
coordinate system used here and A, i n  the  wind 
axis coordinate system of reference 1 is f o r  
small a 

da 

0, 

A, = x1 [1 - ~1 t an  (%)I (Q) 
X 1  

where X1 and Y1 a re  given by equations ( 4 )  i n  
reference 1. I n  terms of rt ,  they a re  

s i n  e2 
(A/R), + (1 - cos 02) ____ - - - _  - s i n  02 - ___ 

lcos a ]  - I s i n  a1 

s i n  - +  
x1= 
rt 

Sketch ( e )  (A/R), + (1 -cos 0,) (A/R), + (1 - cos 0,) 

(A31 
and 

s i n  
~~ = GI , etc .  Y 1= 

Xi (A/R), + (1 - COS 0,) 
(-44) 

The values of 
functions of t he  sonic-point inc l ina t ion  angle 
a t tack  i n  the  ve r t i ca l  plane of symmetry by 

0 ,  A/R, and, therefore, G (a t  a given shock density r a t i o )  a re  
cp which i s  re la ted  t o  angle of 

cp, = E t  - a and cp2 = E t  + a 

18 



Thus, dLL = -dcpl = dcp2. Choosing dcp posi t ive,  G1 = G - (dG/dcp)dcp and 
G2 = G + (dG/dcp)dcp. The d i f fe ren t ia t ion  i s  car r ied  out resu l t ing  i n  

Equations (Al) through (A4) are combined and, with 
there  r e su l t s  

cos a = 1 and s i n  a = dcp, 

The d i f f e ren t i a l  of equation (A6) i s  required and, with the  relat ionships  
tan(Q1/2) = t an  (8/2) - (1/2)sec2(e/2)(de/dcp)dcp and 
mined by expanding the right-hand term and retaining only the  l inear  terms i n  
dq. Dividing the  resu l t ing  d i f f e r e n t i a l  by da gives 

= 8 - (d@/dcp)dcp, is  deter-  

I n  order t o  evaluate (A7), the  values of the derivatives 
are required. 
bined t o  give the  following relat ionship between 

dQ/dcp and d(A/R)/dcp 
Equations (l), ( 2 ) ,  and (3)  of  reference 1 f o r  a = Oo are  com- 

8 and c p :  

2 s i n  cp 
cos cp P*v* 

2 Po POVO 

L(% - 1) s i n  28 + - 

cp 0 - t an  - + t an  - 
2 2 

The  der ivat ive d€!/dcp i s  determined from equation (A8). The der ivat ive 
d(A/R)/dcp can then be found with the  relat ionship 

A d  s i n  8 - _  
D 



given as equation (1) i n  reference 1. 
cumbersome and are not repeated herein.  With d0/dcp and d(A/R)/dcp determined, 
values f o r  equation (A7)  giving the  change i n  shock-layer thickness at  the sonic 
point f o r  small changes i n  angle of a t tack  may be computed as a function of 
Et = eba=oo 

The resu l t ing  der ivat ives  a re  somewhat 

* f o r  various values of the  normal shock density r a t i o .  

Next, t he  constants c required i n  a equation ( 2 )  are determined. Sketch ( f )  
indicates  the  change i n  shock-layer thickness 
as a function of r f o r  small changes i n  

A t  
r = rt, t h e  r e l a t i v e  ro ta t ion  of t he  shock 
t race  with respect t o  the body i s  d$ - de; 
i n  terms of the  present notation. Thus 
at rt 

V 

angle of a t tack,  l d c L l  = I de,*] = I dcpl. 

rt -I 
a(aA) = (deb” - de;)dr 

Sketch ( f )  

Equating the  above i n  derivative f o r m  with the  der ivat ive of equation ( 2 )  a t  
r = rt gives the iden t i ty  

Equation (2 )  with 
t o  solve f o r  the  constants c giving the  r e su l t s  

a€$/& = 1 (choosing posi t ive dA) and equation (A10) a re  used 

. 

4 
and 

where 
ence 2 were used t o  compute values f o r  the charts of f igure  9. 

rt = Rb s i n  et. Equations (All) along with the shock charts of r e fe r -  

20 
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(a) Shock a t  a = 20'; M = 4.06. 

20 
45 

(b)  Stream pat terns  at a = 20' and 45'; M = 3.28. 

Figure 2.- Typical photographs of shock and stream pat terns .  
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